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Introduction

1
Offshore pipelines are often buried to protect the pipeline from external loads or to reduce thermal 2 losses. However, if the depth of soil cover above the pipeline is insufficient then the pipe can buckle 3 upwards to relieve thermal strains. It is therefore important to both ensure adequate depth of cover 4 above a given pipeline and also to be able to reliably evaluate how much resistance this can provide 5 should the pipeline attempt to uplift. 6
Recent years have seen many studies on prediction of uplift behaviour. These are largely divided 7 between theoretical work e.g. provide a framework for designers to best predict the likely performance of their pipelines. Much of the 12 literature, however, relies on analysis and testing of a pipeline that has been wished-in-place. That is, 13 there is no attempt to model disturbance of the insitu soil or backfill material caused during the 14 installation process. 15 Installation may be undertaken using jetting where the soil is subjected to localised high water 16 pressures facilitating a downwards settlement of the pipeline under gravity. Depending on the soil 17 condition and the jet configuration, the soil may either be liquefied into a homogenously sedimenting 18 mass of particles as examined by (Bransby et al., 2002) , or it may be locally cut resulting in a matrix 19 of lumps of relatively intact soil connected by a weaker reconsolidated material. Both of these 20 mechanisms are highly disruptive to the condition of the soil and therefore allowance should be made 21 that the soil conditions above the pipeline will not be the same as those of the in-situ soil in either 22
case. 23
This research therefore aims to better understand the factors governing behaviour of a pipeline in a 24 material that is more representative of conditions following a disruptive installation process. Of 25 particular interest here is the case when the backfill is not homogenous but consists of intact lumps in 26 a normally consolidated matrix, a "lumpy" or "blocky" backfill. This is achieved through physical model 27 tests of a 1:25 scale small scale model pipe being uplifted through clay seabed of variously disturbed 28 4 condition. A range of uplift velocities were also tested (0.6 mm/hour, 6mm/hour, 60 mm/hour, 1 prototype scale). In order to accelerate consolidation and to correctly match the in situ self-weight 2 stresses of the soil to the larger prototype, the tests were performed on a geotechnical centrifuge with 3 a gravitational field of 25g. 4
Interpretation Framework
5
In this work, the undrained soil behaviour framework is considered, in line with conventional treatment 6 of clay soils. The literature listed above (and others) provides largely similar interpretations of uplift 7 resistance, with the version provided by recommended practice document DNV-RP-F110 (DNV ,  8 2007) used as the basis for this work. This is because this document provides some design 9 commentary on incorporating installation effects into the design. In DNV-RP-F110, the upheaval 10 behaviour of a pipe requires failure of the soil in either a local ( Figure 1a ) or a global failure mode 11 ( Figure 1b) . As indicated by the governing equations presented in the DNV, the soil resistance to 12 shearing in a global mode is less when the depth of cover H is low, so this is sometimes termed a 13 "shallow" mechanism. However, as the global mechanism requires uplift of overlying soil mass plus 14 shearing along a surface dependent on depth of cover then this becomes inefficient at greater depths, 15 whereas the local mechanism is relatively insensitive to parameter H when considering undrained 16 strengths. Of particular interest in this analysis is the local mechanism, because the formulation of the 17 resistance of such pipes includes an empirical factor η that is intended to correct between measured 18 data and theoretical estimates. The expression for peak uplift resistance R is given in Equation 1,  19 where Nc is an analytically-derived bearing capacity factor, D is pipe diameter, su is the undrained 20 strength of soil measured at the level of the pipe's centre and η is the empirical strength reduction 21 factor. 22
As the pipe is unable to achieve a complete "flow-around" type mechanism until cover depths in 24 excess of 4.5 D are achieved, the bearing capacity factor Nc is provided as in Equation 2, where 25 parameter r is a roughness factor ranging from 0 in the perfectly smooth case to 1 for a perfectly 26 rough pipe. 27 The commentary on trenching methods in (DNV, 2007) suggests that jetting causes the entire soil 2 mass to go into suspension. Strength may therefore be modelled by assuming a reconsolidated (i.e. 3 effective stress dependent) shear strength exists throughout if an adequate period of reconsolidation 4 is allowed for strength regain and adequate reduction made to H to consider the reduced depth of 5 cover due to consolidation. However, anecdotal evidence suggests that some soils (and some jetting 6 and ploughing strategies) may not produce a homogenous backfill but a lumpy or blocky backfill as 7 described above. Therefore the backfill becomes a matrix consisting of lumps of relatively intact soil 8 connected by the relatively weaker reconsolidated soil, and the use of a very soft reconsolidated 9 strength based on a very low effective stress of a homogenous soil mass may be unrepresentative. 10
Parameter η in Equation 1 accounts for differences between the design undrained shear strength su 11 and the back-calculated value following testing in remoulded clays according to DNV. Such 12 differences are described in this source as being due to rate and viscous effects, and progressive 13 failure regime, but the factor could also be usable to examine apparent strength reductions due to 14 trenching disturbance. Data presented in this work will therefore use the strength reduction factor η as 15 a means for identifying the relative effect of having a lumpy material as backfill, rather than a 16 completely uniform soil at either intact or remoulded strength. The rationale will be to complement the 17 existing industry standard formulations rather than create new ones, as well as better explore the 18 meaning of this parameter. 19 
Centrifuge Testing
Equipment
21
As the blocky backfill material relies on both a coherent intact soil and an interstitial soil consolidated 22 under correct effective stresses, small scale models tested without the additional gravity are unable to 23 reach representative strengths. Therefore physical models for this study were tested on the 3m radius 24 beam centrifuge at the University of Dundee. Spinning the 1:25 scale model such that the normal 25 6 acceleration field equals 25 times earth's gravity g makes the small soil mass weigh the same as one 1 that was 25 times deeper, matching the effective stress fields in model and prototype. This has the 2 benefit of enabling consolidation to occur at the correct stresses as well as at accelerated timescales. 3
Further discussion of centrifuge scaling laws may be found elsewhere, e.g. (Schofield, 1980) ; all data 4 presented here will be in prototype or normalized scales with comments on scaling where required. 5
The model pipe, as shown in Figure 2a , was 25.4 mm diameter (D), corresponding to 635 mm at 6 prototype scale. The length was 234 mm, slightly less than the width of the model container in order 7 to create plane strain conditions without friction at each end of the pipe. The model container width 8 was 115 mm, leaving space for 1.8D of soil either side of the pipe which is sufficient to enable the 9 formation of a displacement mechanism (Figure 1 ). Uplift at the desired speed was provided by a 10 screw jack driven by a stepper motor, which pulled the pipe through a hanger connected to the two 11 thin rods as shown in Figure 2a . To permit settlement of the pipe during the consolidation phase and 12 eliminate potential hang-up of consolidating soil above a rigidly fixed pipe, the rods were able to move 13 vertically downwards relative to the hanger. Load was measured above the hanger, with the buoyant 14 weight of the pipe/hanger subtracted from measurements so that only soil resistance is presented. 15 To monitor pore pressures, two pressure transducers were installed inside the pipe body, which was 16 machined to allow these to measure pore pressures at the crown and the bottom of the pipe as shown 17 in Figure 2b 
Soil Preparation
21
The soil chosen for the study was formed from kaolin powder, of specific gravity Gs = 2.65, plastic limit 22 30% and liquid limit 75%. The dry powder was mixed with water at 125% water content using a 23 mechanical mixer, and then poured into a cylindrical press. A nominal pressure of 240 kPa was 24 applied to the press in four increments; later calculations showed that this was carried only partly by 25 the soil and partly by the equipment, making the actual consolidation pressure less than 240 kPa. 26
After two weeks of consolidation, the soil was unloaded in four stages and removed from the cylinder. 27
To quantify the shear strength of the "undisturbed" clay, a number of hand vane tests were carried 1 out, giving a mean undrained shear strength of 7 kPa (± 1 kPa). These tests were carried out 2 throughout the sample in the first instance, in case of local inhomogeneities in the sample, and 3 subsequently on each new batch for quality control. 
Test Procedure
22
Model construction was carried out using a fixed mass (4.25 kg) of soil lumps for each test. The 23 model container was first filled with water, then soil lumps were added to at least 25 mm (i.e. 1.D) at 24 the base of the model before the pipe was added, so that it was surrounded by soil and was able to 25 form a continuous mechanism involving soil below the pipe if required (Figure 1) . The pipe was held in 26 position upright while the rest of the lumps were added randomly by hand and allowed to settle freely 27 through the water to represent the settlement that would occur after the lumps are cut from the 28 seabed. Once the target mass of soil had been added, the actuator was attached to the hanger such 29 8 that settlement of the pipe could occur freely, and the model was loaded onto the centrifuge. The 1 initial soil surface level was measured relative to the top of the centrifuge box and the pipeline load 2
hanger. An LVDT was added above the load hanger in order to measure pipeline uplift displacements. 3
Once the centrifuge was accelerated up to the required 25g, this was held for a fixed period to 4 simulate the self-weight consolidation of the soil lumps prior to the switching on of the pipeline. For 5 tests presented here, a period of 1 month prototype scale was used; Ghahremani and Brennan (2009) 6 showed that the enhanced compressibility of the lumpy material meant that consolidation periods of 7 one month and three months produced soils that were materially the same in terms of measured 8 results, and after 1 month the excess pore pressures measured by the transducers in the pipe had 9 reduced to less than 6% of hydrostatic. At 25g, this 1 month period is achieved in 70 minutes 10 spinning. By measuring surface settlement during the consolidation period, previous work 11 (Ghahremani and Brennan, 2009) back-calculated a mean coefficient of consolidation cv for each 12 model tested. This showed, unsurprisingly, that the largest lumps ("big cubes") produce a faster 13 dissipation than the smaller "grated" lumps, in this case by a factor of approximately 2 (Table 1) . 14 Once the required period of consolidation had passed, cover depths above the pipeline were 15 measured visually using photographic images including a scale , with values of H in the range 2.0 -16 2.8 D. Uplift was started at the required rate, with three rates chosen being 0.6 mm/hour, 6 mm/hour 17 and 60 mm/hour at prototype scale. Data from in situ testing e.g. T bar testing (Lehane et al., 2009) 18 suggests that when the nondimensional group vD/cv is greater than 10-20 then the process may be 19 considered undrained, with drained behaviour coming when the group is less than 0.01. Table 1  20 shows that the velocity range tested here should cover the partially drained range up to fully 21 undrained using conventional wisdom based on homogenous material. The appropriateness of this 22 assumption is revisited in Section 4. Uplift of the model pipeline was continued until the pipe had been 23 extracted from the soil, taking from 3 minutes for the faster tests to over 4 hours for the slowest. 24
Further information on centrifuge model setup and soil bed formation can be found in Ghahremani 25 (2008) . 26
Centrifuge Results
Seventeen centrifuge tests were carried out with the one month consolidation period, as listed in 1 Table 1 , comprising four with grated lumps (GR), six with small cubes (SC) and seven with big cubes 2 (BC). Table 1 also lists the test uplift velocity v, measured soil properties submerged unit weight γʹ and 3 cv, derived rate parameters vB/cv and v.D/cv for use in assessing rate behaviour, measured peak uplift 4 forces (where appropriate) P, active bearing capacity factor according to equation 2, Nc, and the 5 strength reduction factor η back calculated using equation 1. 6 may not scale as other displacements but may be subject to a different scaling law related to particle 11 size. There is insufficient evidence as yet to suggest what this might be, nor experience on whether 12 this applies also to clay soils as studied here. For this reason, mobilization distances are scaled in the 13 conventional manner (or rather normalized by the pipe diameter, which does scale) for this work, but 14 results are only used for self comparison and it is not recommended that the mobilization distance 15 values reported be used more widely until this scaling is better understood. 16
Influence of Lump Size
It is seen, therefore, that there are minimal differences between mobilization distances in tests at the 17 same speed. This implies that the dependence of mobilization distance on the exact nature of the 18 backfill is very limited and may be negligible. 19
Influence of Uplift Velocity
20
Testing is performed at three different uplift velocities: 0.6 mm/hour, 6.0 mm/hour and 60 mm/hour. As 21 described above, back-calculated cv values equate the fastest test to undrained loading and the 22 slower tests to be partially drained. suggested that pore water suction was playing a role but were unable to quantify this. 28
11
The role of pore suction is evident in Figure 6a . The fastest test in the big cube material experiences a 1 sharp drop in resistance at a displacement of 1.1D. This can only be caused by a sudden release of 2 suction, and it may be seen that once this suction has been released, the soil resistance drops to the 3 same curve as the slower tests. This data, in particular the observed sudden drop in force, confirms 4 that excess pore pressures are playing a significant role in faster uplift events. To further quantify this, 5 the measured pore pressures above and below the pipe are examined below. 6
Mobilization displacement is also apparently increased with increasing uplift velocity. However, this 7 may also be affected by the suction. Greater displacements may be expected to open up a greater 8 gap beneath the pipe containing only pore fluid. As displacement is further increased, the high bulk 9 modulus of the water means that unless sufficient replacement water enters this gap, there is a 10 corresponding large drop in pressure and consequently measured mobilization distances increasingly 11 affected by the duration that this suction is retained. 12
Influence of Pore Water Suction
13
Seven of the seventeen tests showed evidence of having been influenced unduly by sub-pipe 14 suctions during uplift. These were able to be identified by the measurements of pore pressure above 15 and below the pipe, and their peak forces not used for further analysis. In Table 1 they are identified  16 by an asterisk (tests GS2,SM1, SM2, SF2, BS3, BF2, BF3). However, these measurements also shed 17 some light on the relationship between pore water suctions and the measured resistance. Figure 7a  18 shows pore pressures measured above and below the pipe during a big cube test (BF3), with the 19 hydrostatic component subtracted. Figure 7b shows the corresponding uplift forces. This test shows 20 the greatest suction release measured in the tests series. Figure 7a This information allows approximation of the amount of force resistance contributed by suction as 7 0.6D × pore pressure change. Negligible suction was observed for most tests performed at the 8 "partially drained" speeds. Affected tests are clearly identified in Table 1 . This shows that while faster 9 tests were more likely to experience suctions, this was not a predictable phenomenon and therefore 10 common practice of ignoring suctions during uplift is appropriate and not unconservative. 11
Strength Reduction Factor
12
The strength reduction factor η presented in (DNV, 2007) is given the suggested limit values of 0.55 13 and 0.8 and a recommended value of 0.65. It may be inferred that none of the tests on remoulded 14 clay, on which these values were based, were able to mobilize over 80% of even their remoulded 15 strength. The guidance on selection of η is vague due to lack of certainty over the cause of this, but 16 the design resistance is rather sensitive to this parameter. This is partially because η is a linear 17 multiplier, i.e. a 10% reduction in η causes a 10% reduction in local-mechanism load capacity 18 (Equation 1), but also because η is not a factor in the global load capacity so this can also affect 19 whether a global or a local mechanism is likely to predominate. This seems a significant dependence 20 on a potentially obscure parameter and serves to indicate the importance of getting the strength 21 reduction factor to be the most appropriate value for the site conditions. Therefore, evaluating the 22 performance of blocky backfill in these terms is instructive and necessary. 23
As all centrifuge tests were carried out with depth of cover H greater than the maximum at which a 24 global failure might be expected then the failure mechanisms in all the centrifuge tests were of the 25 local mode and may be analysed as such. Therefore, Equation 1 may be used to evaluate the value 26 of η acting in each test. Rearranging Equation 1 (and taking soil resistance R as equal to the 27 measured pullout force corrected for pipe weight P) gives Equation 3, in which the measured pullout 28 13 force P is divided by the theoretical value of Nc according to Equation 2, the pipe diameter D of 0.635 1 m and a value of undrained shear strength. The value of su used in this analysis has been chosen to 2 be the 7 kPa measured for the intact soil. This is reasoned to be the strength of the intact lumps 3 themselves, and therefore comparable to the su value that would be measured from an in situ site 4 investigation. The soil in this study was not of high sensitivity, but if the soil within the lumps is 5 considered to be undisturbed then the intact shear strength may be the appropriate value. 6 values of η appear to be noticeably lower than the recommended range. It is suggested that in this 21 range, the soil behaviour has departed from the assumed undrained behaviour and is beginning to 22 experience a partially drained response, due to the short drainage path lengths in the lumpy material 23 relative to the rate of uplift. This appears to be the case for values of v.B/cv less than 0.05, 24
Figure 9 also shows two low η values at the higher-rate end of the graph. It is possible that this could 25 be affected by viscosity-related rate effects due to a comparatively high rate of uplift, although this is 26 less well understood than the low rate partial drainage. However, although Figure 9 shows an 27 encouraging trend that is helpful in understanding the test data, for design purposes it has limited use 28 because the independent variables v, B and cv for the lumpy material would not be known or difficult 1 to determine in the field. Of these variables, the one that would be estimated with the greatest 2 confidence would be lump size B, which could be controlled by jet configuration and checked visually 3 post-lay. 
Conclusions
16
Uplift resistance estimations for buried pipes in clay soils are commonly based on analysis and testing 17 considering the soil to be either undisturbed or, at best, remoulded. The installation process is highly 18 disruptive and may cause the seabed to cut up into smaller lumps, which then form the backfill 19 material above the pipe. As each lump has strength comparable to the intact soil but the interfaces 20 between lumps will be rather reduced, it is difficult to assess the actual resistance that the backfill will 21 provide to pipe uplift. 22 A series of centrifuge tests on different size lumps of reconsolidated lumpy clay backfill has shown 23 that the uplift resistance in this material is governed strongly by the size of the lumps and, to a lesser 24 extent, by the rate at which displacement occurs. Mobilization distance does not appear to be 1 significantly affected. 2 Pore pressures measured above and below the pipe showed that suctions can occur during testing. 3
The resulting increase in uplift resistance was quantified as equalling the pore pressure difference 4 acting across 0.6 of pipe diameter, but this was too unreliable to be relied on for any resistance in 5 practice. Suction-affected tests were hence identified and eliminated from further analysis here, and 6 care should be taken when interpreting test data in clay if pore pressure data is not presented. 7
Measured soil resistance is interpreted in terms of the strength reduction factor η, defined in the 8 recommended practice document (DNV, 2007) as a parameter to correct between undrained shear 9 strengths measured during site investigation and those that appear to act during uplift events. Values 10
for the lumpy clay backfills tested here showed values of η at the lower limit expected based on the 11 more intact clay data. This correlated well with a nondimensional drainage based parameter based on 12 uplift velocity v, backfill coefficient of consolidation cv and a characteristic lump size B. It was also 13 seen that for values of v.B/cv below 0.05 then η became noticeably reduced in the lumpy backfill. 14 However, it is appreciated that for practical purposes it is difficult to know the values of v and cv, and 15 therefore a correlation between η and lump size/pipe diameter was also proposed as an improvement 16 on existing recommendations when applied to lumpy clay backfills. 
